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The mechanisms involved in cell death caused by
carcinogens that methylate DNA arepoorly under-
stood. In this study, the cytotoxicity ofN-methyl-N'-
nitro-N-nitrosoguanidine (MNNG) was studied in
exponentially growing T5-1 human lymphoblas-
toid cells. MNNG exposure killed cells and inhibited
proliferation of the remaining viable cells. Reduc-
tion in cell viability, which coincided with the accu-
mulation ofcells in the late Sphase ofthe cell cycle,
was not apparent until the population had com-
pleted one doubling. Fluorescence-activated cell
sorting of fluorescein diacetate-stained, MNNG-
treated cells into live and dead subpopulations re-
vealed that all cyclephases were well represented in
the live fraction, whereas the dead fraction con-
sistedprimarily ofcells with a sub-G, DNA content.
Thus, cell death after MNNG exposure occurred
during the second cell cycle after treatment appar-
ently as a consequence ofperturbation ofDNA rep-
lication and the degradation ofnuclear DNA. (Am
JPathol 1989, 134:53-61)
Carcinogens that methylate DNA cause cell death much
more frequently than either mutation or neoplastic trans-
formation in populations of cultured mammalian cells.1 Al-
though exposure of cells to these compounds causes al-
kylation of several classes of macromolecules, cell death
probably results from damage to DNA.1-5 The mecha-
nisms by which damage to DNA might lead to loss of cell
viability are poorly understood, however. Exposure of
mammalian cells to methylating agents also inhibits DNA
synthesis and perturbs the transit of cells through the S
phase of the cell cycle.23S14 In several cell lines, DNA
synthesis and cell cycle progression are not inhibited by
methylating agents until the second cell cycle after expo-
sure,29-13 but, in other cell lines, such effects can occur
during the first cycle after treatment.781214 There are
fewer studies on the kinetics of cell death after treatment
with these compounds,1516 and we are unaware of re-
ports in which concurrent measurements of cell cycle pro-
gression and cell death were made at several points after
treatment. Because it is unclear whether inhibition of DNA
synthesis and cell cycle progression by methylating
agents are protective or lead ultimately to cell death,13,
studies in which the relationship between these parame-
ters is carefully monitored are warranted.
In the present study, the relationship between N-meth-
yl-N'-nitro-N-nitrosoguanidine (MNNG)-induced cell death
and perturbation of the cell cycle were studied in expo-
nentially growing populations of the human lymphoblas-
toid cell strain, T5-1. Because compounds that inhibit
DNA synthesis cause cells to accumulate in the S phase
of the cell cycle,1720 we measured cell cycle compart-
mentation by flow cytometry. Cellular viability was evalu-
ated by a flow cytometric technique21 that allows nearly
instantaneous quantitation, thus facilitating the correlation
of cell death with the effects of MNNG on the cell cycle.
MNNG blocked the T5-1 cell cycle in the late S phase, but
the block was not expressed maximally until the affected
cells had completed one doubling. The S phase block
was associated with the inhibition of population growth,
occurrence of cell death, and presence of a marked sub-
G1 peak in DNA histograms. These results suggest that
the death of T5-1 cells after MNNG exposure is a conse-
quence of the perturbation of DNA replication, and we
hypothesize that degradation of nuclear DNA is associ-
ated with cell death.
Materials and Methods
Chemicals
MNNG and Nonidet P-40 (NP-40) were purchased from
Sigma Chemical Co. (St. Louis, MO). Fluorescein diace-
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tate (FDA) was purchased from Eastman Kodak (Roches-
ter, NY). Hoechst dye 33342 was obtained from Calbio-
chem Behring (San Diego, CA). Dimethyl sulfoxide
(DMSO), silylation grade, was purchased from Pierce
Chemical Co. (Cleveland, OH).
Cell Culture
These experiments used the near diploid, human, B lym-
phoblastoid cell strain, T5-1.22-24 T5-1 is a clone of L-33-
6-1,22 a cell strain known to be deficient in the repair of 06_
methylguanine.25 Suspension cultures of T5-1 cells were
grown in RPMI 1640 medium (GIBCO, Grand Island, NY)
supplemented with 15% defined, fetal bovine serum
(Hyclone Laboratories, Logan, UT), glutamine (4 mM) and
gentamicin (50 ,g/ml). The cultures were kept at 37 C in
a humidified atmosphere of 7% C02/93% air. Stock cul-
tures of T5-1 cells (100 ml) were contained in 175 sq cm
tissue culture flasks (Nunc A/S, Kamstrup, Denmark) and
maintained in exponential growth by diluting a portion of
the culture three times weekly with complete medium to
a density of 1 X 105 cells/ml.
MNNG Treatment
Cultures were seeded in 75 sq cm tissue culture flasks
(Corning Glass Works, Corning, NY) at a density of 6.5
X 104 cells/ml in 25 ml of complete RPMI 16 hours before
treatment with MNNG. These cultures of exponentially
proliferating cells were treated with MNNG (1-50 ng/ml
final concentration in the culture medium) when the popu-
lation density was 1 X 1 05 cells/ml. Each dose of MNNG
was delivered in 0.05 ml of DMSO; control cultures re-
ceived an identical volume of the vehicle. Population
doubling-time, cell viability, and distribution of cells
throughout cell cycle phases were unaffected by this
amount of DMSO (data not shown). The medium was not
removed from the cultures after MNNG exposure be-
cause the biologic half-life of MNNG under these condi-
tions is approximately 15-20 minutes.26'27
Population Growth
Growth of T5-1 populations was monitored by measure-
ment of the cell concentration with a Model ZM particle
counter (Coulter Electronics, Hialeah, FL). Both live and
dead cells are counted with this method as long as the
dead cells possess an electrical conductance that differs
from that of the diluent and is within the instrument's
threshold settings. Doubling-times of populations were
calculated by linear regression analysis using the least-
squares-fit model.
Viability Assay
Viability of T5-1 populations was determined by a flow cy-
tometric technique that measures the conversion of FDA
to fluorescein.21 FDA, a nonpolar and nonfluorescent
compound, crosses the plasma membrane and is con-
verted by nonspecific esterases to fluorescein, which is
then retained by viable cells with intact membranes but
not by dead cells with permeable membranes.283 In our
procedure, 1.5 x 106 cells were removed from the culture
and centrifuged at 250g for 10 minutes. The medium was
removed by aspiration, and the cell pellet was resus-
pended in 0.25 ml of Hanks' balanced salt solution
(HBSS), pH 7.4. FDA (2.4 ,M dissolved in acetone) was
then added to a final concentration of 50 nM. The cells
were incubated with FDA for 10 minutes at 25 C before
measurement of cellular green fluorescence on a FACS
440 fluorescence-activated cell sorter (Becton Dickinson
Immunocytometry Systems, Mountain View, CA). Cells
were illuminated by the 488 nm line of an argon ion laser
(Coherent Laser Products, Palo Alto, CA) operating at 70
mW of power. Fluorescent light was collected in a photo-
multiplier tube after passage through a 530/30 nm band-
pass filter. Live cells were distinguished from dead cells
on the basis of a combination of forward angle light scat-
ter and green fluorescence. Fourteen thousand events
were collected for each sample, and the data were ana-
lyzed by use of the Consort 40 data analysis system (Bec-
ton Dickinson).
Cell Cycle Analysis
Cell cycle analysis was performed by flow cytometric
measurement of the DNA content of nuclei isolated from
T5-1 cells. An aliquot of the cell culture (5 X 106 cells) was
removed and centrifuged at 250g for 10 minutes. (This
and all subsequent steps of nuclei isolation and staining
were performed at 4 C.) The medium was removed by
aspiration, and the cell pellet was resuspended in 10 ml
of HBSS. The sample was centrifuged at 250g for 10 min-
utes, and the resulting pellet was resuspended in 10 mM
Tris HCI (pH 7.5) containing 0.32 M sucrose, 3 mM MgCI2,
2 mM CaCI2, and 0.2% (vol/vol) NP-40 (lysing buffer) to a
density of 1 X 106 cells/ml. The sample was incubated on
ice for 10 minutes and then centrifuged at 2000g for 10
minutes. The nuclear pellet was resuspended to a density
of 4 x 106 nuclei/ml in lysing buffer without NP-40 and
then centrifuged at 2000g for 10 minutes. This final pellet
was resuspended to a density of 1 X 106 nuclei/ml in 0.1
M Tris HCI (pH 7.4) that contained 0.15 M NaCI, 1 mM
CaCI2, 0.5 mM MgCI2, and 0.01% (vol/vol) NP-40.
Hoechst dye 3334231 was added to a final concentration
of 1 ,M, and the nuclei were stained overnight. The rela-
tive DNA content of the nuclei was measured with an ICP
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22A flow cytometer (Ortho Diagnostic Systems, West-
wood, MA). The nuclei were illuminated by 350 nm light
emitted by a mercury arc lamp, and fluorescent light was
collected by a photomultiplier tube equipped with a 470/
20 nm band-pass filter. Fifty thousand events were col-
lected, and the resulting DNA histograms were fit and ar-
eas under the curve corresponding to each phase of the
cycle were calculated according to the model of Dean
and Jett32 using a computer program provided by Dr. Pe-
ter S. Rabinovitch (University of Washington, Seattle). The
coefficient of variation of the GI peak in vehicle-treated
samples was 3.35 ± 0.09% (mean ± SE, N = 15).
Cell Sorting
Cultures of T5-1 cells (100 ml) were treated with 30 ng
MNNG/ml, as described above. Forty-eight hours later,
aliquots of the culture (3 X 106 cells each) were stained
with FDA. The cell sorter was then used to divide the pop-
ulation into separate live and dead fractions. Sorting win-
dows were based on a combination of green fluores-
cence and forward angle light scatter. The live and dead
subpopulations were sorted into separate tubes each of
which contained complete RPMI that had been supple-
mented with 30% defined fetal bovine serum.33 A total of
15 X 1 O6 cells were analyzed and sorted. The sorted cells
were fixed in 70% ethanol and stained with 1 ,M Hoechst
dye 33342. Cell cycle analysis was then performed on the
sorted subpopulations as described above. Immediate re-
analysis of the viability of unfixed cells sorted from an
MNNG-exposed culture revealed that the purity of the
sorted subpopulations of dead and live cells was 99.9 and
90.8%, respectively.
Results
Effect ofMNNG on Population Growth
MNNG exposure of T5-1 populations produced a dose-
dependent reduction in their rate of growth (Figure 1). The
doubling-times of populations exposed to DMSO or to 1,
5, or 10 ng MNNG/ml was 26.0 ± 0.4 (mean ± SE, N = 4),
27.0 ± 0.8, 29.3 ± 1.0, and 39.3 ± 3.6 hours, respec-
tively. Thirty or 50 ng MNNG/ml produced cessation of
population growth but not until the populations had com-
pleted one doubling approximately 2 days after MNNG
exposure. After exposure to 30 ng MNNG/ml, apparent
population growth resumed 8 days after treatment, but
after 50 ng MNNG/ml, population growth did not recover
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Figure 1. Effect ofMNNG on growth of T5-1 populations. Expo-
nentially growing cultures were treated with either DMSO or
various concentrations ofMNNG at zero-time. The population
density was measured with a Coulter counter at the times indi-
cated along the abscissa, thus, the cell concentration consists
ofboth living and dead cells. Each point represents the mean
obtainedfromfour independent experiments exceptfor the 30
ng MNNG/ml dose which represents the mean of two experi-
ments.
Effect ofMNNG on Cellular Viability
MNNG exposure of T5-1 cells also produced a dose-de-
pendent reduction in the proportion of viable cells in the
population (Figure 2). During the first day after exposure,
however, the viability of cell populations treated with either
DMSO or any of the doses of MNNG was the same, about
90-95%. Reductions in viability were not detected until 2
days after exposure, when all populations had completed
at least one doubling. At this time, the effect ranged from
no reduction in viability after 1 ng MNNG/ml to a 40%
reduction after 50 ng MNNG/ml. Further reductions in via-
bility were noted at 3 days. At 4 days, viability of the cul-
tures exposed to MNNG concentrations of 5 or 10 ng/ml
did not decline further; however, the viability of cultures
treated with MNNG concentrations of 30 or 50 ng/ml had
declined to levels of about 50 or 5%, respectively. These
results indicate that the lethal effect of MNNG on T5-1
cells is delayed, occurring long after the compound has
disappeared from the medium,26.27 and that one cell dou-
bling is required before expression of cell death.
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___1ana 5). MNNCi proaucea an accumulation o0 celis near
the transition point between the S and G2/M phases (Fig-
ure 4), which led to dose-related increases in the calcu-
lated proportions of the population in these compart-
ments (Figure 5). The increase in the proportion of cells
in the S phase became apparent 12-24 hours after expo-
sure, and the increase in the proportion in the G2/M phase
began to appear 24-36 hours after treatment. After expo-
sure to MNNG at concentrations of 5 or 10 ng/ml, the
increase in G2/M predominated; after 30 or 50 ng MNNG/
ml, the increase in S predominated, and most of the re-
maining viable cells in the population appeared to be
blocked in this phase. After the latter two doses, the late
S phase accumulation was accompanied by a dose- and
time-dependent increase in the amount of lowly fluores-
cent material (sub-G1 peak; see Figure 4, bottom row).
Gradual recovery of the normal pattern of cell cycle com-
partmentation began to occur at later times after all doses
except 50 ng MNNG/ml.
For additional characterization of the relationshin be-
DAYS AFTER MNNG TREATMENT tween cell cycle perturbation and cell death, fluores-
Figure 2. Efect ofMNNGon viability ofT T-lpopulations.xEpo- cence-activated cell sorting was used. Cells were treated
nentially growing cultures were treated with either DM80 or
various concentrations ofMNNG at zero-time. Viability was with 30 ng MNNG/ml. Forty-eight hours later, when about
quantified by flow cytometric measurement ofthe conversion 25% of the cells had died, they were stained with FDA
ofFDA tofluorescein at the times indicated along the abscissa.
Eachpoint represents the mean obtainedfrom three indepen- and divided into live and dead fractions by fluorescence-
dent experiments. activated cell sorting (Figure 6). The sorted live and dead
subpopulations were separately prepared for cell cycle
analysis, and the results are shown in Figure 7. The DNA
Although the pattern of appearance of cell death coin-
r-ir4ar4 with that nf inhihitinn nf nvni ilatinn rirnrwth tha nrn-
portion of the population killed by MNNG could not ac-
count completely for the magnitude of inhibition of popu-
lation growth. For example, MNNG at a dose of 10 ng/ml
increased the doubling-time of the population by 50% but
reduced cellular viability by only 20%. These results sug-
gest that in addition to an effect on viability, MNNG also
inhibited the proliferation of viable cells. Such an effect is
shown in Figure 3, which depicts the calculated growth of ffi
Co
only the viable fraction of the population. During the first -J
-j
day after exposure, the rate of population growth was little W
affected, but by 2 days a dose-dependent inhibition of w
proliferation of viable cells occurred. After exposure to ei- <
ther of the two highest doses of MNNG, the concentration >
of viable cells decreased at later time points. These re-
sults show that the inhibition of growth of the total popula-
tion (Figure 1) was due to a combination of the death of
some of the cells (Figure 2) and to the inhibition of prolifer-
ation of remaining viable cells (Figure 3).
Effect ofMNNG on Cell Cycle DAYS AFTER MNNG TREATMENT
Compartmentation Figure 3. Effect ofMNNG on the proliferation of viable cells inT5-1 populations. The concentration of viable cells was ob-
tained by multiplying the cell concentration ofthe wholepopu-
The effect of MNNG on the distribution of T5-1 cells lation (Figure 1) by thefraction of viable cells in thepopula-tion (Figure 2) for each given combination ofdose and time-
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DAYS AFTER MNNG TREATMENT
Figure 5. Effect ofMNNG on cell cycle compartmentation of T5-1 cellpopulations. Exponentially growing populations of T5-1 cells
were treated with either DMSO or MNNG at zero-time. Relative DNA content was measured, and areas under DNA histograms
corresponding to each phase of the cycle were calculated by computer as described in Materials and Methods. The ordinate refers
to the percent of the population in a given phase of the cell cycle. The data representing cells in the G2 phase also includes those
cells that were in the Mphase at the time of isolation of nuclei. Each point represents the mean obtainedfrom three independent
experiments.
histogram from the unsorted, MNNG-treated population
showed that many cells accumulated at the transition be-
tween the S and G2/M phases, as shown earlier in Figure
4. (The better distinction between these phases shown in
Figure 7 compared with Figure 4 is explained by the larger
number of events collected for the histograms in Figure
7.) Another feature of the histogram obtained from the
unsorted, MNNG-treated population is the presence of a
large peak corresponding to a DNA content of about 10%
of that of G1 cells (sub-G1 peak). In fact, this is the tallest
peak in the histogram. All cycle phases are well repre-
sented in the subpopulation of live cells sorted from the
MNNG-treated population, but the sub-G1 peak and the
late S phase accumulation are relatively reduced as com-
pared to the unsorted, treated population (Figure 7). In
contrast, the primary feature of the DNA histogram from
the dead subpopulation is a sub-G1 peak, suggesting ei-
ther that degradation of DNA was a feature of cell death
or that much of the DNA in dead cells was poorly stained
by the fluorochrome.
Discussion
The goal of this study was to characterize the relation-
ships between the effects of MNNG on cell cycle com-
partmentation and cellular viability in the human lympho-
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Figure 6. Fluorescence-activated cell sort-
ing ofan MNNG-exposed T5-1 population.
T5-1 cells were stained with FDA and
sorted into live and dead subpopulations
48 hours after exposure to 30 ngMNNG/ml
as described in Materials and Methods.
Green fluorescence represents both that
generatedfrom the metabolism ofFDA to
fluorescein and that due to autofluores-
cence. Forward angle light scatter is a
physical parameter that results from de-
flection oflight by cells as theypass through
the laser beam. The histogram ispresented
as a dual parameter isocontour plot. The
outer contour lines connect points that
represent five events possessing a particu-
lar combination of abscissa and ordinate
values. Each successive contour line repre-
sents an increment of 15 cells. The upper
plot consists oflive cells, and the lowerplot
consists ofdead cells. The windows drawn
around each subpopulation represent
those used to sort the population into live
and dead fractions. The results shown
were obtained from one experiment that
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FLUORESCENCE INTENSITY FLUORESCENCE INTENSITY
Figure 7. DNA histograms oflive anddead cells obtained byfluorescence-activated cell sorting ofan MNNG-exposed T5-lpopulation.
Cell cycle analysis wasperformed on the live and deadfractions isolated byfluorescence-activated cell sorting ofa population 48
hours after exposure to 30 ngMNNG/ml as described in Materials and Methods. The results shown were obtainedfrom the cells used
in the experiment depicted in Figure 6and were representative ofsix independent experiments. Untreated: DNA histogram obtained
from an unsorted, untreated population. MNNG-treated: DNA histogram obtainedfrom the MNNG-treated population before cell
sorting. Livefraction, MNNG-treated: DNA histogram obtainedfrom the live subpopulation that was sortedfrom the MNNG-exposed
population. Deadfraction, MNNG-treated: DNA histogram obtainedfrom the dead subpopulation sortedfrom the MNNG-exposed
population. Each histogram represents 2.0 X 105 events collected between channels 40 and 256 exceptfor deadfraction, MNNG-
treated, which represents 8.4 X 104 events.
accumulate in the late S phase of the cell cycle, inhibited
population growth, and killed a portion of the population.
The induction of cell death coincided with the peak time
of accumulation of cells in the S phase and was not ob-
served until the populations had undergone one doubling.
Even those populations that received a dose of MNNG
that reduced viability by 95% completed one doubling in
a timely manner. These results are the first clear demon-
stration of a temporal relationship, after exposure to a
methylating agent, between accumulation of cells in the
late S phase after one population doubling and cell death.
These observations are supported by the results of
other studies on the effects of methylating agents in vari-
ous human cell lines. In HeLa S3 cells treated with either
m a
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methyl methanesulfonate2 (MMS), N-methyl-N-nitroso-
urea,9 (MNU) or methylazoxymethanol acetate10 (MAM
acetate), the first round of DNA replication occurs nor-
mally before inhibition of DNA synthesis and prolongation
of the S phase in the subsequent cell cycle. In addition,
HeLa cells do not die until the second cell cycle or later
after exposure to MAM acetate.15 MMS produces a similar
pattern of effects on DNA synthesis in HEp-2 epidermoid
laryngeal carcinoma cells, and arrest of cell division does
not occur until later generations."1 MM253cl melanoma
cells treated with 5-(3'-methyl-1-triazeno)imidazole-4-car-
boxamide undergo one population doubling before arrest
of cell division in the G2/M phase.12 Treatment of TK6 tym-
phoblastoid cells with MNNG causes them to accumulate
in the S and G2/M phases of the cell cycle and inhibits
population growth, but these effects are not expressed
until after one doubling of the population.13 These previ-
ous results, together with the ones reported here, indicate
that the effects of methylating agents on cell proliferation
and cell cycle progression in these human cell lines do
not appear until the second S phase after treatment. In
contrast to these results, other data obtained from both
human12-14 and rodent cells78 show that the cytotoxic
effects of methylating agents can occur during the first
cell cycle after treatment. The relative roles of species or
phenotypic variations in determining cellular responses to
methylating agents requires further study.
Results that demonstrate delayed cytotoxic effects of
methylating agents suggest that the initial methyl adducts
are not lethal to the cell, but that lethal, secondary lesions
are produced by replication of a damaged DNA template
during the first cell cycle after exposure. Such lesions in
DNA could be persistent single-strand breaks,11 conse-
quences of a putative mismatch repair system,133 or re-
sults of defective post-replication repair.24 We postulate
that perturbed replication of DNA containing these newly
formed lesions during the second cell cycle would be in-
compatible with effective cell division and maintenance
of cellular viability. Cell death might result from aberrant
rereplication of chromosomes or from cells entering G2/
M before completing DNA replication, as has been sug-
gested to be the case for 1 -B-D-arabinofuranosylcyto-
sine35 and mitomycin C,3 respectively. Another possibil-
ity is that the lesions might stimulate poly(ADP-ribose)
synthesis, leading to cell death by inactivation of proteins
and depletion of cellular NAD and ATP stores.37 38 Further
experimentation is required to define exactly the molecu-
lar mechanisms involved in the transduction of MNNG-
induced DNA damage into cell death.
Our cell-sorting experiments provided novel results rel-
evant to the understanding of mechanisms of MNNG-in-
duced cell death. The primary feature of the DNA histo-
gram from the dead subpopulation sorted from an MNNG-
treated culture was a sub-G, peak. Although the presence
of this peak may possibly reflect poor binding of the fluo-
rochrome to DNA in dead cells, it is more likely that it rep-
resents DNA from cells that have undergone apoptosis,39
a process of cell death with initial features of chromatin
condensation and digestion. Recently, it has been shown
that rat thymocytes dying by this process develop a sig-
nificant sub-G1 peak in DNA histograms.40 Thus, we hy-
pothesize that a primary feature of cell death in MNNG-
exposed T5-1 cells is the degradation or loss of DNA in
cells blocked at the S/G2 border. Whether degradation of
DNA is a cause or consequence of MNNG-induced cell
death is unknown, however. Nonetheless, the sub-G1
peak does not represent debris from cell fragments since
we included for sorting only those particles that were of
cellular size. Further investigation is required to define the
role of chromatin condensation and digestion or other
processes of cell death in the cytotoxicity of MNNG.
In summary, our results show that the death of T5-1
cells after MNNG treatment is temporally related to the
accumulation of cells in the late S phase during the sec-
ond population generation after exposure. A feature of
MNNG-induced death in this cell strain seems to be the
degradation of DNA. Molecular characterization of the
mechanism of MNNG-induced cell death awaits further
study.
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